In this paper a design-of-experiments is performed with the objective of determining the improvements in aeropropulsive efficiency required for a reduction in the energy consumption of turboelectric transport aircraft, when compared to conventional, gas-turbine based alternatives. Simplified representations of the powertrain and the aeropropulsive interaction effects are used, such that the results are independent of the design of the electrical system or the external layout of the propulsion-system. An evaluation of different mission requirements confirms that the turboelectric architecture presents the largest benefit for long ranges, and that the aeropropulsive benefit required for a predefined reduction in energy consumption increases with increasing cruise Mach number. Moreover, the impact of different technology maturity levels of the electrical drivetrain components is assessed. The results show that the shaft power ratio necessary to achieve a determined aeropropulsive benefit is a decisive factor, and that for a shaft power ratio of 20%, a 5% reduction in energy consumption is possible on the mid-term (circa 2035) if an 11% increase in aeropropulsive efficiency is achieved. A 15% reduction in energy consumption is only possible with extremely optimistic powertrain technology assumptions, and requires and increase in aeropropulsive efficiency of at least 14%, for the missions considered.
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Nomenclature

I. Introduction
Numerous studies on hybrid-electric propulsion have been performed in recent years, with the goal of reducing emissions [1] [2] [3] , reducing operating costs [4] , or enabling new missions for which aircraft were traditionally not competitive [5] . A large fraction of these studies focuses on regional [6] [7] [8] [9] [10] and short-or long-haul [11] [12] [13] [14] [15] [16] [17] [18] [19] commercial transport aircraft, since these markets constitute the dominant contribution to the environmental impact of aviation [20] , and a radical change in the design of these aircraft is required in order to meet the long-term sustainability goals established by the European Commission [21] and NASA [22] . However, multiple studies have already shown that this step-change is a difficult task for large passenger aircraft, even when assuming appreciable advances in electrical-component technology with respect to the current state-of-the-art [9, 14, 15] . In this paper, "hybrid-electric propulsion" (HEP) is defined as the use of electrical energy in the generation or transmission of the power used for propulsion. It therefore includes a spectrum of powertrain architectures, with a conventional combustion-based powertrain at one end of the spectrum, and a fully-electric powertrain at the other end. Serial, parallel, or turboelectric architectures are therefore considered subsets of HEP (see e.g. Refs. [23, 24] ), contrary to some other classifications which make a distinction between hybrid-electric (electrical and non-electrical energy storage) and turboelectric (only non-electrical energy storage) propulsion [25] . When analyzing the existing literature, it becomes evident that, for large passenger aircraft, hybrid-electric propulsion can be used in two ways to improve aircraft efficiency. The first aims to improve the powertrain efficiency, i.e., to improve the efficiency of the gas turbine or the transmission efficiency from the energy sources to the shaft of the propulsive device. The second aims to improve the aeropropulsive efficiency of the aircraft, i.e., to increase the lift-to-drag ratio of the aircraft or the thrust-to-power ratio of the propulsive devices. Although both options are enabled by hybrid-electric propulsion, they represent very distinct design strategies. The former requires the use of batteries, and is typically applied in a parallel powertrain architecture (see e.g. Refs. [19, [26] [27] [28] [29] ), without significant modifications to the airframe. The latter does not necessarily use batteries, but takes advantage of the scalability of electrical machines and the versatility of electrical power distribution to place the propulsive devices at beneficial locations on the airframe. This leads to noticeable changes in the external layout of the aircraft and, based on previous studies, presents the largest benefit when used in a (partial-) turboelectric configuration [9, 15] .
The study presented in this paper focuses on the second application, that is, on the use of HEP to increase the aeropropulsive efficiency of the aircraft. There are two reasons for this. Firstly, because the long-term environmental impact of aviation cannot be reduced effectively without significant improvements in the aerodynamic and propulsive efficiency of the aircraft. And secondly because, even though several turboelectric aircraft design studies have been performed [13, 18, 30, 31] , there is still a large uncertainty regarding the benefits of such aircraft, especially due to the lack of propulsion-airframe integration studies. While the aerodynamic benefits of novel propulsion-system layouts such as leading-edge distributed propulsion [32] , over-the-wing propulsion [33] , under-the-wing propulsion [13] , boundary-layer ingestion [34] , or tip-mounted propulsion [35] have been studied at subsystem level, it is still unclear which of these configurations leads to the greatest benefit at aircraft level. Although such propulsion systems do not necessarily need a hybrid-electric powertrain [36] , many radical aircraft configurations with improved propulsion-airframe integration are only viable when combined with HEP, and thus the overall benefit is highly dependent on the maturity of the powertrain components [37] .
The goal of this paper is therefore to estimate the aeropropulsive benefit required in order to make a turboelectric transport aircraft more efficient than a conventional turboprop or turbofan aircraft. To this end, a reverse-engineering approach is taken: assume there is a turboelectric aircraft which, by some means of propulsion, gives an aeropropulsive benefit. To obtain this benefit, electrical components of a determined technology level (i.e. specific power and transmission efficiency) are required. In that case, what are the technology-level requirements for an X% reduction in energy consumption, when compared to a conventional aircraft configuration? For which mission are these technology requirements the lowest, i.e., for which mission will the turboelectric aircraft be competitive the "soonest"? To answer these questions, the preliminary sizing of a turboelectric passenger aircraft is performed for different input parameters in a design-of-experiments (DoE), and the resulting energy consumption is computed. Section II describes the approach taken for this design-of-experiments, and shows how the results are kept independent of the type of propulsion system employed. Subsequently, Sec. III presents the estimated aeropropulsive efficiency requirements for different mission parameters, technology levels, and overall energy-reduction levels. The obtained values provide, within the uncertainty of a Class-I sizing method, a means for designers to relate the findings of aerodynamic studies to their impact on energy consumption, or, from the reverse-engineering perspective, to determine which component technology levels are required for a specific propulsion-system layout to be beneficial.
II. Approach
This section describes the methodology followed in order to estimate the aeropropulsive requirements for a generic turboelectric transport aircraft. A simplified representation of the turboelectric powertrain is described in Sec. II.A. Section II.B then defines the aeropropulsive efficiency, and discusses how this efficiency can be related to the individual aerodynamic characteristics of the aircraft, and what impact this has on the sizing process. Finally, Sec. II.C describes the design-of-experiments performed in order to obtain a response surface for the selected figure of merit.
A. Powertrain Architecture Definition
A turboelectric powertrain consists of a gas turbine-or any other combustion engine or device which converts a consumable energy source into mechanical power-connected to a generator that transforms the mechanical power into electrical power, which is then distributed to one or more electrical motors that drive the propulsive devices. In this study, a more elaborate variant, known as the partial-turboelectric architecture [24], is considered. A simplified schematic representation of this architecture is depicted in Fig. 1 , which differs from a fully-turboelectric architecture due to the presence of a propulsor which is mechanically driven by the gas turbine (P1). The gas turbine therefore exhibits a power off-take (e.g., a separate low-pressure turbine stage or a gearbox) which drives an electrical machine (EM1). Therefore, the powertrain contains a node where the power is split into two paths, indicated by a gearbox (GB) in Fig. 1 . The extracted electrical power is then routed through a power management and distribution system (PM), and finally absorbed by secondary electrical machines (EM2), which drive a second set of propulsors. The powertrain description is further simplified by grouping all electrical components into a single "black box" which represents the electrical drivetrain and is characterized by two parameters, namely a chain efficiency, η chain , and a combined specific power (CSP). The former is defined as the ratio between the output power and input power of the electrical drivetrain, that is, it represents the combined transmission efficiency of all components:
where the index i covers all the k electrical components connected in series, each of which presents a determined transmission efficiency η i . The combined specific power, meanwhile, is defined as the power introduced to the electrical drivetrain divided by the total mass of all components in said drivetrain, and is typically expressed in kW/kg:
where m is the mass of each component in the electrical drivetrain and n the number of components. If the losses in the drivetrain are small (η chain ≈ 1), then the combined specific power can be computed based on the specific power (SP) of each component as:
Although the "black box" simplification makes this approach unsuitable for detailed studies, it has several advantages. Firstly, it provides a more simplified, top-level understanding of the effect of powertrain technology levels, since it does not require information regarding every component in the powertrain. Secondly, the number of dimensions of the DoE is significantly reduced, given that the electrical drivetrain is now parametrized by just two variables. Thirdly, the findings of this study are therefore independent of the design of the electrical system (AC vs. DC transmission, active vs. passive cooling, redundant wiring, etcetera). The relation between the individual properties of each component and the global properties, CSP and η chain , can be established ad-hoc on a case-to-case basis. As an example, Table 1 presents the chain efficiency and CSP computed for the three hypothetical technology scenarios discussed in Sec. III.C. The mid-term scenario corresponds to the research goals listed in Ref. [11] . For this table, the electrical drivetrain of the powertrain is assumed to be comprised of two sets of electrical machines (generators and motors) and two sets of power converters (rectifiers and inverters), to which an additional 30% weight penalty is added to account for additional elements of the power distribution and thermal management system. Although in this study an arbitrary 30% penalty is assumed, in practice the designer would have to perform a more accurate estimation of the electrical components' weights, and compute the CSP and chain efficiency based on the outcome. A third parameter is required to characterize the power share between the primary and secondary propulsion system. This variable is the shaft power ratio, defined as
The power flow across the powertrain can be computed based on ϕ for a given throttle setting or propulsive-power requirement following the matrix formulation of Ref. [23] . This power-control parameter has to be chosen by the designer for each flight condition. In this study, for simplicity, a constant shaft power ratio is assumed for all performance constraints and mission segments. A value of ϕ = 0 therefore corresponds to a conventional, fuel-based architecture, while ϕ = 1 corresponds to a fully-turboelectric architecture. Although previous studies have shown that a fully turboelectric architecture is unlikely to provide any benefits in the near term due to the increased weight of electrical components [9, 15] , it is included as a limit case in this study. It is evident that for ϕ = 0 the power transmitted by-and thus the weight of-the electrical components is zero, and therefore the conventional powertrain is the lightest. However, per definition this limit case also corresponds to zero aeropropulsive benefit, since there is no enhanced propulsion-airframe integration. This trade-off between the aeropropulsive benefit achievable for a given shaft power ratio and the associated weight penalty is assessed in Sec. III. Figure 2 presents a series of propulsion-system layouts which are compatible with the powertrain architecture described in the previous section. Each notional example has two gas turbines driving an open rotor or ducted fan, as well as a secondary propulsion system comprising one or more electrically-driven fans or propellers. In all cases, the secondary system enhances the aerodynamic and/or propulsive performance of the aircraft. For example, the tip-mounted propulsors decrease the lift-induced drag of the wing, effectively increasing the equivalent aspect ratio or span efficiency of the wing [35] . The leading-edge propellers can increase the maximum lift coefficient of the wing [32] , leading to a significant increase in wing loading [23, 38] . Over-the-wing propulsion, meanwhile, increases the lift-to-drag ratio of the wing [33] . Finally, the use of boundary-layer ingestion affects airframe drag and increases the thrust-to-power ratio of the rear propulsor [34, 39] , which, from a preliminary sizing perspective, can be modeled as an change in propulsive efficiency and drag coefficient. Finally, for a given primary-propulsor size, the addition of extra propulsors increases the total disk area, leading to a decrease in disk loading (or fan pressure ratio) and a consequent increase in propulsive efficiency [18] .
B. Aeropropulsive Efficiency Breakdown
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Factors Affecting the Aeropropulsive Efficiency
The examples provided in Fig. 2 illustrate how distributed propulsion can enhance the aeropropulsive performance of the aircraft in multiple ways. In order to assess the impact of this performance benefit at aircraft level, the propulsive efficiency is multiplied by the aerodynamic efficiency (lift-to-drag ratio) to define an overall aeropropulsive efficiency as
where a symmetric parabolic lift polar is assumed for simplicity. This overall aeropropulsive efficiency differs from the commonly used range parameter [40] because η p refers exclusively to the propulsive efficiency of the propellers or fans, that is,
where η p1 and η p2 are the propulsive efficiencies of the primary (P1) and secondary (P2) propulsors, respectively, and P s = P s1 + P s2 is the total shaft power. Equation 5 indicates four direct ways in which distributed propulsion can be used to enhance the aeropropulsive performance of the aircraft: by decreasing the zero-lift drag coefficient, reducing the lift induced drag (through an equivalent increase in aspect ratio or Oswald factor), increasing the propulsive efficiency, or by changing the lift coefficient. The lift coefficient varies throughout the mission, and depends on the flight condition (speed and altitude) and wing loading-which, in turn, depends on the maximum lift coefficient. In this study, the effect of improved propulsion-airframe integration is simulated by varying the aeropropulsive efficiency as a whole. This simplifies the problem and leads to conclusions which are independent of the type of propulsion system, analogously to the simplification made in Sec. II.A regarding the powertrain parametrization. The change in aeropropulsive efficiency can then be related to the effect of a determined propulsion system on a case-to-case basis.
The sensitivity of the aeropropulsive efficiency to variations in the individual aerodynamic characteristics can be estimated with reasonable accuracy using Eq. 5, as demonstrated in Fig. 3a-3d . These figures present the percentage change in aeropropulsive efficiency versus a percentage change in each of the aerodynamic characteristics. The figures compare the value predicted by Eq. 5 with the mission-averaged value obtained from a complete Class-I sizing process of a generic transport aircraft, including climb, descent, and diversion phases. Although theoretically the impact of Oswald factor and aspect ratio on the aeropropulsive efficiency are the same, they have been included separately since the aspect ratio also affects the wing weight. Furthermore, even though Fig. 3 shows that the aeropropulsive efficiency is most sensitive (and directly proportional) to η p , it is important to note that η p cannot exceed unity, and therefore a percent increase in propulsive efficiency may be much more difficult to achieve in practice than, for example, a percentage increase in aspect ratio.
The link between C Lmax and the aeropropulsive efficiency ( Fig. 3e ) can be established once the operating conditions, drag polar, and wing loading of the specific aircraft configuration are known. Establishing a generic relation between the maximum lift coefficient and the aeropropulsive efficiency, on the other hand, is more complicated, as discussed in Sec. II.B.2. This is especially the case because the maximum lift coefficient is closely coupled to the optimum cruise altitude, and previous work has already highlighted the importance of evaluating HEP aircraft at optimum cruise altitude when assessing the impact of distributed propulsion [9] . To illustrate this dependency, Fig. 3 includes both the aeropropulsive efficiency obtained at constant altitude, and the one obtained if the cruise altitude is tailored to minimize energy consumption. Although this does not have a large effect on the sensitivities presented in subplots a-d, it does have a large impact on the sensitivity to maximum lift coefficient: if the maximum lift coefficient varies, the optimum cruise altitude changes, but the aeropropulsive efficiency remains nearly constant. These trends show how e.g. leading-edge distributed propulsion does not necessarily have a beneficial impact on the aerodynamic efficiency of the aircraft if the aspect ratio is maintained * . For more information on this topic, the reader is referred to the work of the X-57 demonstrator [32, 38] .
Impact on Aircraft Sizing Process
The influence of variations in aeropropulsive efficiency can be observed in two steps of the sizing process: in the performance constraint analysis (power requirements), and in the mission analysis (energy requirements). The impact on power requirements can be visualized in the constraint diagram, a notional example of which is given in Fig. 4 . In this diagram, only the take-off distance, cruise speed, and stall speed constraints are included for simplicity. The figure shows how a decrease in drag coefficient or an increase in propulsive efficiency displaces the take-off and cruise constraints upwards, expanding the feasible design space and enabling higher power-loading values. This leads to a smaller powertrain (per unit weight of the aircraft), thereby reducing the powertrain weight fraction and, consequently, the aircraft weight. The maximum lift coefficient, meanwhile, has a more pronounced effect, since it also determines the stall speed constraint. An increase in C Lmax leads to a smaller wing (per unit weight of the aircraft), which affects the wing weight fraction as well as the lift coefficient throughout the entire mission. This in turn decreases the optimum cruise altitude of the aircraft or, for a given cruise altitude, increases or decreases the cruise lift-to-drag ratio, depending on the cruise speed and the characteristics of the drag polar. Moreover, the power loading of the aircraft is also affected, since the stall speed constraint intersects the power-limiting constraint at a different location in the diagram. The power loading can increase or decrease, depending on the trend of the limiting constraint. These dependencies illustrate how the effect of the maximum lift coefficient on the aircraft's design is much less trivial than the effect of, for example, the zero-lift drag coefficient or propulsive efficiency. The aeropropulsive efficiency also plays an important role when computing the energy requirements of the aircraft. As is the case for conventional fuel-based aircraft, in most hybrid-electric aircraft design studies, the energy required to complete a predefined mission is estimated by integrating the energy consumption along a time-stepping simulation of the mission profile (see e.g. Refs. [2, 8, 23] ). In quasi-level, quasi-steady flight, the required shaft power can be expressed as
* Note that the increased wing-loading enabled by distributed propulsion also has other benefits, such as improved take-off and landing capabilities, a reduced optimum cruise altitude, or an increased maximum allowable aspect ratio for a given span constraint. which indicates that the energy consumed in each differential time step is inversely proportional to the aeropropulsive efficiency † . Because of this, the effect of an increase in aeropropulsive efficiency on the overall energy consumption of commercial transport aircraft is determined primarily in the mission analysis (sizing for energy), and not so much in the constraint diagram (sizing for power). For example, for a generic turboelectric aircraft considered in this study (R = 825 nmi, M = 0.41, m PL = 7500 kg, ϕ = 0.5), a 10% increase in aeropropulsive efficiency in only the mission analysis leads to a 12% reduction in energy consumption, while a 10% increase in aeropropulsive efficiency in only the constraint diagram leads to just a 1% reduction in energy consumption. For longer ranges, this difference is more pronounced. For aircraft with small fuel weight fractions and high powertrain weight fractions, on the other hand, variations in aeropropulsive efficiency can have a more dominant impact on the power-loading diagram, and less impact on the energy requirements computed in the mission analysis.
C. Design of Experiments
The modified Class-I sizing routine described in Ref. [23] is used to size the turboelectric aircraft for a range of input parameters. This method has been validated by comparing the results to an independently-developed HEP sizing routine in Ref. [41] . The baseline requirements, design parameters, and assumptions can be found in Ref. [9] . The input parameters that are varied in the DoE are gathered in Table 2 . Although the baseline reference aircraft is based on a regional turboprop, the mission parameters (harmonic range, payload mass and cruise Mach number) are also sampled at higher values to analyze the trends in the regional jet or short-haul market, comparable to recent research on high-capacity turboprop aircraft [42] . A payload mass of 100 kg is assumed per passenger, including luggage. A conventional, fuel-based reference aircraft is also sampled for the same range of mission requirements, in order to compare the performance of the HEP variant to a conventional aircraft sized for the same mission. In both cases, the optimum cruise altitude in terms of minimum energy consumption is computed and subsequently selected for each point.
In addition to the mission requirements, the powertrain technology level is varied by modifying the combined specific power and chain efficiency of the powertrain. This is done by scaling the specific power and transmission efficiency of all electrical components included in the sizing method equally, such that the desired CSP and η chain are obtained. Furthermore, the shaft power ratio of the aircraft is varied, applying the same value to all mission segments and performance constraints. Finally, the impact of HEP on the aeropropulsive performance of the aircraft is simulated by scaling the zero-lift drag and lift-induced drag components equally. Two main output parameters are monitored: the maximum take-off mass (MTOM) of the aircraft, and the payload-range energy efficiency (PREE). The latter is used as † This is true for a given aircraft weight; in the sizing process, the energy consumption is actually more sensitive to the aeropropulsive efficiency due to the cyclic "snowball" effect. 
figure-of-merit in this study. This non-dimensional parameter represents the overall energy efficiency of the aircraft, being inversely proportional to the amount of energy consumed for a given mission requirement [9, 36] :
Note that this definition of PREE only considers the energy consumed during the nominal mission, E miss , and not the reserves. In this way, the parameter is representative of the energy consumed in the day-to-day operation of the aircraft. A Latin-hypercube sampling of 20,000 points is performed for the input parameters given in Table 2 , and the sizing routine is applied successively. In order to obtain continuous gradients in the results, a seven-dimensional, 7 th order polynomial fit is applied using a linear-least-squares algorithm. Of the 20,000 points, 95% are used to generate the surrogate model, while the remaining 5% are used to evaluate the accuracy of the fit and to ensure that no over-fitting occurs. Results are only analyzed in the intervals given in Table 2 , i.e., no extrapolation is performed. The mean deviation of the surrogate model from the data points is found to be below 0.01%, with a maximum deviation of 0.8% for MTOM, and 0.3% for PREE. Therefore, although these values lie well within the accuracy of a Class-I sizing routine, an additional uncertainty of approximately ±1% should be kept in mind when analyzing the results.
III. Aeropropulsive Efficiency Requirements for Improved Aircraft Efficiency
The results are grouped into two sections. First, Sec. III.A describes how the aeropropulsive requirements depend on the mission parameters. Section III.B then describes how these requirements evolve with the powertrain technology level. Finally, Sec. III.C presents a summary of the results and discusses the relevance and implications of the findings. Figure 5 presents the payload-range energy efficiency of the reference (fuel-based) aircraft and the turboelectric variant, as a function of the mission payload and range. For the turboelectric aircraft, a 10% increase in aeropropulsive efficiency (i.e., (η p L/D) HEP /(η p L/D) ref = 1.1) has been assumed, together with a shaft power ratio of ϕ = 0.2. The maps show that both the conventional and the turboelectric aircraft are most efficient at a range of approximately 650 nmi, with a payload of 20 t (Point A). Although the trends of the two aircraft are the same, the turboelectric variant presents a slightly higher PREE for the technology scenario and aeropropulsive benefit considered.
A. Impact of Mission Requirements
In order to further analyze the difference between the turboelectric and the conventional aircraft, Fig. 6 presents the aeropropulsive efficiency gain necessary for a 15% increase in PREE, that is, for a 15% energy reduction with respect to the reference aircraft on the same mission. The results are displayed for a generic value of ∆PREE = 15% because, from a commercial perspective, a significant energy saving is required to outweigh the additional complexity and development costs of such aircraft. Figure 6 shows that a significant increase in aeropropulsive efficiency of around 20% is required for a 15% energy reduction. The percentage change in aeropropulsive efficiency is larger than the percentage reduction in energy consumption, because the additional weight and efficiency losses of the hybrid-electric powertrain must be compensated. The required aeropropulsive benefit is practically independent of the payload considered, and decreases with increasing range. This occurs because, for longer ranges, the amount of fuel saved increases. This leads to a direct energy saving on one hand, and decreases the weight penalty of the turboelectric aircraft on the other, since the fuel weight increases less with range for the turboelectric aircraft than for the conventional one. Therefore, while point A represents the combination of payload and range where the turboelectric aircraft is most efficient (within the m PL and R Tables 3 and 4 .
2). Markers indicate the mission scenarios collected in
intervals studied), point B-or any other point for R = 2000 nmi-represents the mission for which the turboelectric presents the greatest benefit when compared to the reference aircraft. This confirms that turboelectric configurations are most competitive for longer ranges, which is why many turboelectric aircraft design studies focus on medium-and long-haul flights [13, 18, 30] , and not on the regional or thin-haul market. This also highlights an important difference compared to other hybrid-electric aircraft that make use of batteries, for which the extra battery weight generally implies that reduced ranges have to be flown (see e.g. Refs. [2, 4, 6, 29] ). Tables 3 and 4 .
Finally, the effect of cruise Mach number is assessed in Fig. 7 . This figure presents the same variables as Fig. 6 , but at a constant payload of 15t (150 pax) and for three different Mach numbers. Again, the figure clearly shows that a 15% energy reduction is most easily achieved at long ranges. Furthermore, the required aeropropulsive efficiency benefit increases with Mach number. In other words, a determined energy saving is easier to achieve with a low-speed turboelectric aircraft than with a high-speed one. This occurs because, at high Mach numbers, the power required during cruise increases, and hence the cruise-speed constraint descends in the loading diagram (see Fig. 4 ). Given that, for the range of Mach numbers considered, the cruise-speed constraint is actively sizing the powertrain, this translates into a reduced power loading. Moreover, since the turboelectric powertrain is heavier than a gas turbine alone, the powertrain weight fraction increases much faster with Mach number for the turboelectric aircraft than for the reference aircraft. This leads to a larger difference in MTOM between the two configurations, and consequently, the turboelectric aircraft requires an additional aeropropulsive benefit to offset this weight increase at higher Mach numbers. 
B. Impact of Electrical-Component Technology Level
This section describes how the aeropropulsive requirements discussed in the previous section evolve as the technology of hybrid-electric powertrain components matures. To this end, Figs. 8 and 9 present the required aeropropulsive benefit for a 15% increase in PREE for missions A and B, respectively, as a function of the electrical drivetrain's chain efficiency and combined specific power. The required aeropropulsive benefit decreases with increasing chain efficiency and CSP, as expected. The trends of Figs. 8 and 9 are similar, although the aeropropulsive requirements are slightly less restrictive for the latter (R = 2000 nmi), as discussed previously. It is interesting to note that these figures also provide information regarding possible trade-offs between the weight and the transmission efficiency of the electrical components. For example, it may be possible to make a more efficient, but heavier, electrical drivetrain, by including active (cryogenic) cooling systems which enable superconductivity on determined components (see e.g. Refs. [11, 43] ). Taking the circular marker of Fig. 8b (η chain = 0.9, CSP = 3 kW/kg) as an example, it is evident that a 50% increase in weight of the electrical drivetrain (CSP = 2 kW/kg) is justifiable if it allows the chain efficiency to be increased beyond 95%. Therefore, although evidently a more mature technology will lead to a more competitive turboelectric aircraft, for a given point in time, a trade-off between the chain efficiency and CSP has to be performed to identify the most optimal combination. Both Fig. 8 and Fig. 9 present the results for three different shaft power ratios, the third of which (ϕ = 1) corresponds to a fully-turboelectric powertrain. The figures show that higher aeropropulsive benefits are required to compensate higher shaft power ratios: for a fully-turboelectric architecture, the electrical drivetrain has to be able to absorb all the power produced by the gas turbine, leading to very heavy components. Moreover, the higher the shaft power ratio, the higher the amount of power lost in the electrical drivetrain ‡ . Consequently, the aeropropulsive benefits required to offset these penalties and additionally lead to an energy reduction are practically infeasible-even for very advanced technology levels, as indicated in in Figs. 8c and 9c. It appears therefore that a lower shaft power ratio is beneficial. However, the question remains whether the required aeropropulsive benefit is achievable with low shaft power ratios. For example, the required aeropropulsive benefit in Figs. 8a and 9a is of the order of 15%-25%, but this increase in aerodynamic or propulsive efficiency would have to be achieved by means of a smart integration of only 20% of the total shaft power. For some propulsion system layouts this may not constitute a major challenge, if there is a local optimum in c) φ = 1 terms of shaft power ratio from an aerodynamic perspective. For example, for a BLI system, the benefit cannot exceed the amount of power dissipated in the fuselage boundary layer, and thus it is only beneficial to divert a fraction of the total shaft power to the fuselage-mounted propulsor (see Fig. 2 ). However, if, for a determined propulsion-system arrangement, the aeropropulsive benefit grows indefinitely until ϕ → 1, then most likely it will not be possible to take full advantage of the potential of the propulsion system, because of the associated weight penalty. Either way, most of the aeropropulsive efficiency values plotted in Figs. 8 and 9 are difficult, if not impossible, to achieve. This indicates that a 15% reduction in energy consumption is unlikely for the missions considered. A summary of the aeropropulsive efficiency requirements is gathered in Tables 3 and 4 , for different missions, technology scenarios, and shaft power ratios. As discussed in Sec. II.A, the "mid-term" scenario corresponds to state-of-the-art research goals, which is assumed to be applicable to the 2035-timeframe. The long-term scenario is expected to be applicable only beyond 2050, if ever. However, these timeframes have to be interpreted with caution, since there is no clear forecast. Tables 3 and 4 also categorize the aeropropulsive efficiency requirements into three qualitative groups. Green indicates an aeropropulsive efficiency gain which is considered by the authors to be feasible (∆(η p L/D) ≤15%), though not necessarily easy to achieve. Orange indicates aeropropulsive benefits which are considered extremely difficult to attain (15%< ∆(η p L/D) ≤25%), while the red numbers indicate benefits which are most likely impossible to achieve in practice (∆(η p L/D) >25%). The reader is reminded that the values correspond exclusively to the aeropropulsive benefit enabled by turboelectric propulsion when compared to a conventional gas-turbine based aircraft designed for the same mission and timeframe. The results are shown for a cruise Mach number of M = 0.55; results at M = 0.45 and M = 0.65 can be found in Appendix A. Tables 3 and 4 show that, in the near term, a significant reduction in energy consumption by means of turboelectric propulsion is unfeasible. In the mid-term, a 5% reduction in energy consumption is possible if the aeropropulsive efficiency is increased by approximately 11%, although a 15% energy reduction is practically impossible. If the power density and transmission efficiency of the electrical components are further improved, then a 15% reduction in energy consumption may be possible in the long term, provided that the distribution of power leads to a 14%-17% increase in aeropropulsive efficiency. However, these conclusions all consider a shaft power ratio of ϕ = 0.2, implying that the aeropropulsive benefit must be gained by distributing around 20% of the total power available. Since the primary powertrain branch (gas turbine and generators) is the dominant contributor to powertrain weight, from an aircraft design perspective, it is generally beneficial to keep it close to the center of gravity. This makes it difficult to reap benefits such as fuselage boundary-layer ingestion or tip-mounted propulsion with the primary propulsors, and thus a large fraction of the aeropropulsive benefit must be achieved by the smaller, electrically-driven propulsors. Obtaining a 7%-17% benefit in aeropropulsive efficiency is therefore not a trivial target. In any case, Tables 3 and 4 indicate that fully-turboelectric configurations (ϕ = 1) are not an effective solution to decrease the energy consumption of transport aircraft.
C. Discussion
Although the results show that significant improvements (>5%) in payload-range efficiency by means of turboelectric propulsion are unlikely in the near future, there are still opportunities. For example, the increased power loading enabled by an improvement in low-speed performance can be exploited, especially for aircraft operating from short airfields. Furthermore, a smart integration of the propulsion system may lead to additional benefits which are not captured in this analysis, such as a reduced landing gear size due to increased ground clearance, improved wing bending relief, or a reduced tail size by means of thrust vectoring or differential thrust. Such design considerations must be combined with a smart aerodynamic integration in order to maximize the benefit of hybrid-electric propulsion. Moreover, for a given aeropropulsive benefit, a few percent improvement in PREE can already be gained by flying longer ranges, or by reducing the cruise Mach number to 0.45 (see Tables A.1 and A.2). For such missions, however, other considerations such as flight scheduling and increased crew costs have to be taken into account. Hence, although the results suggest that the turboelectric architecture can be competitive for a high-capacity, long-range turboprop market in terms of vehicular energy consumption, it is unclear whether an expansion of that market would improve the air transportation system as a whole. Given that the medium and long-haul markets are currently responsible for the majority of the environmental footprint of the aviation sector, network-level studies are required which analyze the impact of a reduced flight speed for these markets when hybrid-electric propulsion is included.
IV. Conclusions
A study has been performed with the objective of estimating the aeropropulsive efficiency required from turboelectric aircraft in order to make these configurations more efficient than conventional fuel-based aircraft in terms of energy consumption. To keep the results independent of the specific type of propulsion system employed, a simplified representation of a generic turboelectric aircraft has been assessed in a design-of-experiments, where the preliminary sizing of the aircraft was performed for different mission requirements, technology assumptions, shaft power ratios, and aeropropulsive benefits. The payload-range energy efficiency of the aircraft was then compared to a conventional fuel-based aircraft for the same mission requirements. Both the turboelectric and the reference aircraft were evaluated at their respective optimum cruise altitudes in terms of minimum energy consumption.
The results indicate that both the reference aircraft and the turboelectric variant are most efficient for a harmonic range of approximately 650 nmi, and for payloads above 20 t (200 pax). When comparing the two concepts, the benefit of turboelectric propulsion is found to increase with range, while being practically independent of the payload mass. Moreover, the aeropropulsive benefit required for the turboelectric variant to present a predetermined reduction in energy consumption with respect to the reference aircraft is found to increase with increasing cruise Mach number. Furthermore, the shaft power ratio, ϕ, is shown to have a large impact on the turboelectric aircraft, with high shaft power ratios (ϕ → 1) demanding a large increase in aeropropulsive efficiency to offset the weight penalty of the powertrain. This highlights the importance of considering the relation between the achievable aeropropulsive benefit and the shaft power ratio required to achieve it, early in the design process. The results show that, when compared to a conventional, fuel-based aircraft designed for the same timeframe, a 5% reduction in energy consumption is possible in the mid-term (entry into service circa 2035) if an increase in aeropropulsive efficiency of 11% is achieved with a shaft power ratio of 0.2. This aeropropulsive efficiency requirement increases with increasing shaft power ratio, and decreases for higher ranges. The results also suggest that a 15% reduction in energy consumption is only possible with radical improvements in the specific power and transmission efficiency of the electric drivetrain, and if the aeropropulsive efficiency can be increased by 14% using a shaft power ratio of 0.2.
